Introduction
In the year 2000, researchers announced the first wholegenome sequence of a plant species. Sequencing of Arabidopsis thaliana was a cutting-edge achievement in the field of plant genomics. The impact of that study was so great that it boosted the demand for genomic information. However, using the conventional Sanger method (firstgeneration technology), sequencing a whole genome is time-consuming, laborious, and expensive work. In 2005, sequencing-by-synthesis technology developed by 454 Life Sciences revolutionized sequencing technology and started the second-generation sequencing era. Both required previous amplification in vivo (molecular cloning) or in vitro (e.g., polymerase chain reaction (PCR)). This was followed by the third-generation sequencing platforms, capable of sequencing single molecules without previous amplification. The sequencing generations following Sanger's approach are also known as next-generation sequencing (NGS), although this is rather ambiguous terminology for obvious reasons. The new sequencing strategies greatly reduced the necessary effort, time, and cost, also allowing for unprecedented throughput.
In the beginning, the read length of the 454 system was about 100 bases, which was increased up to 10-fold longer within a decade. In a short time, other new strategies were developed and appeared on the market. Within a few years, many genomes were sequenced, and several strategies have been developed to overcome certain problems like large genome size, high CG content, high heterozygosity, transposable elements, repetitive DNA, and homopolymers or polyploidy. One of the biggest challenges was that sequencing of large genomes required immense experimental work and elaborate analyses. However, scientists succeeding in sequencing large genomes, like that of Norway spruce (Picea abies), which is 20 Gbp in size (Nystedt et al., 2013 ) . Thus, with the promises offered by the new sequencing technologies, a new trend for the life sciences was shaped. As a consequence, genomics is experiencing its golden age. Indeed, we are not in a postgenomic era as sometimes indicated, but rather in the beginning of a genomic revolution.
In this review, we focus on 3 commercial sequencing systems: Roche/454 Life Sequencing, ABI/SOLiD, and Solexa/Illumina technologies. There are other methodologies that are outside of the scope of the present work, including the Life Technologies Ion Torrent, as well as new third-generation sequencing platforms (mostly in active current development), like the Helicos BioSciences true single-molecule, Pacific Biosciences real-time, Complete Genomics combinatorial, or Oxford Nanopore GridION/MiniION sequencing. We describe the different sequencing approaches by comparing the platforms. Since the new sequencing systems provide large amounts of data, analyses of them may become bottlenecked. Fortunately, computing has also experienced significant development in the recent years, both in terms of hardware and software (Galvez et al., 2010; Diaz et al., 2014) . Consequently, several bioinformatics tools have been developed, and here we summarize the methodologies used for assembly and other analyses. In order to provide broader perspectives, we present different application areas of sequencing technologies in relation to some recent sequencing studies. We draw attention to the whole-genome sequencing of plants, breakthrough outcomes, and great impacts on the understanding of several important biological phenomena.
Current sequencing technologies
Genome sequencing is being revolutionized by developments in high-throughput technologies. Intense competition between new sequencing technologies has given rise to remarkable innovations. The basic concepts of the currently best-known sequencing platforms are described below. 2.1. Roche/454 Life Sciences sequencing 454 Life Sciences (a subsidiary of Roche) developed the first commercial second-generation sequencing platform with the motto of "one fragment-one bead-one read" (http:// www.454.com). The backbone of this high-throughput pyrosequencing platform is emulsion-based clonal amplification. The first step of the method is preparation of a single-stranded template DNA library, which involves fragmentation of the genome, ligation of 2 specific adaptors to fragments, and their selection. The protocol continues with emulsion PCR (emPCR), a technique in which the DNA fragments are clonally amplified on beads within a water-in-oil emulsion, followed by enrichment. The emPCR takes place in conditions favoring the binding of only one fragment to individual beads and generates millions of clonally amplified sequencing templates on each bead. In the next step, DNA beads are deposited into a PicoTiterPlate device, which enables loading one bead per each well, and the sequencing run starts. The signal is acquired by the sequencing-by-synthesis principle. The bases are flowed sequentially across the device, and when there is complementation with the template, a pyrophosphate signal is generated and recorded by a charge-coupled device camera. Accordingly, the simultaneous sequencing of the entire genome in picolitersized plates occurs.
Depending on the complexity of the genome of interest, the 454 sequencing system offers shotgun alone and in combination with paired-end sequencing approaches for whole-genome sequencing. Additionally, targeted resequencing, epigenetic, metagenomic, and transcriptome sequencing studies have been achieved with this system. The first study using this technique was reported in 2005 (Andries et al., 2005) . Since then, more than 445/2000 studies applying the Roche 454 Life Sequencing system for various organisms have been published (http://454.com/ publications/publications.asp?postback=true). Recently, the platform was upgraded with longer read capacity of up to 1000 b and higher performance (http://454.com/ products/gs-flx-system/index.asp).
ABI/SOLiD sequencing
In 2008, a new massively parallel sequencing technology, SOLiD (Sequencing by Oligonucleotide Ligation and Detection), was developed by Life Technologies. The process starts with fragment library or mate-paired library preparation. As with Roche 454 sequencing, amplification of the template is also achieved by emPCR in this system. After clonal amplification of the template on beads and their enrichment are achieved, beads with extended templates are immobilized onto a flow-cell surface followed by sequencing reaction. The sequencingby-ligation chemistry is applied in the SOLiD system. Subsequent ligation, detection, and cleavage of a set of 4 fluorescently labeled 8-mer probes to sequencing primers are performed. The first 2 bases are complementary to the template; the next 3 bases are degenerate, consisting of 64 possible combinations, and the last 3 nucleotides are universal for each probe. Following the incorporation of the first 2 bases, the other 3 bases of the probe are cleaved, leaving a free 5'-phosphate group ready for further ligation. Therefore, the bases at positions 1, 2 and 6, 7 and 11, 12 (and so on) are determined. In the next round, the primer complementary to position n -1 of the adapter sequence is annealed, which is followed by 4 more further rounds until annealing of primer at position n -4. At this point, there are 4 dinucleotides for each fluorescent dye to encode. Since each base is interrogated twice by 2 different primers, it is possible to determine which base is at which position. Taking advantage of the 2-color base encoding, the system offers a high sequencing accuracy.
The technology supports a wide range of applications that includes whole genome and transcriptome sequencing, methylation analyses, chromatin immunoprecipitation sequencing, small RNA sequencing, and metagenomic studies (http://www.invitrogen.com/site/us/en/home/ Products-and-Services/Applications/Sequencing/NextGeneration-Sequencing/Publications-Literature.html).
Solexa/Illumina sequencing
The third sequencing platform is Illumina, which is capable of sequencing hundreds of millions of fragments. The genome analyzer instrument was commercialized in 2006 by Solexa/Illumina. The sequencing chemistry is based on reversible terminators. Modified dNTP containing a fluorescently labeled terminator that allows only a singlebase extension is used in the sequencing reaction. The method consists of 3 stages. As with the other platforms, the Illumina sequencing workflow starts with library preparation, including fragmentation of DNA and adaptor ligation. The library is then flowed across a solid surface, and the fragments (each around 200 bp long) bind to this surface, following "bridge amplification" of the templates to generate clusters.
Two different primers complementary to the adaptors are also attached to the surface, and 1 of the primers has a cleavage site. Thus, the single-stranded DNA (ssDNA) molecules can twist and hybridize to PCR primers, forming bridges. This allows the ssDNA to be extended to form double-stranded DNA (dsDNA). After denaturing and washing-up steps, dense clusters of ssDNA fragments stay on the surface. This solid-phase amplification creates 1000 copies of each fragment in close proximity on the surface. Amplification of templates on a solid surface is the major innovation of this system, which favors signal detection. To prevent extension of DNA molecules onto each other, 3'-ends of the fragments are blocked by terminal transferase, following addition of 4 types of terminator bases. After washing of nonincorporated nucleotides, the fluorescent signals are recorded, terminators are removed, and the next round of one-base extension starts. Since one base is added at a time, the read lengths are equivalent.
This method has been widely used for whole-genome sequencing (Potato Genome Sequencing Consortium, 2011), transcript profiling of both protein-coding genes and small RNAs (Eldem et al., 2012) , and gene regulation studies (Yanik et al., 2013) . With the latest improvements in 2011, Solexa/Illumina has significantly enhanced the platform, increasing read length and overall throughput (http://w w w.i l lumina.com/te chnolog y/s olexa_ technology.ilmn).
Which sequencing method to choose?
We have been witnessing the beginning of a new era in genome research with the arrival of the new highthroughput sequencing technologies. Since a variety of sequencing platforms are available, it raises the question of which method is best. It must be said that there is no definitive answer for this question. The decision depends on numerous factors, involving the research goal, the starting material to be sequenced, and the available budget.
The different sequencing platforms differ in several ways, such as read length and sequencing chemistry ( Table  1) . Each of them has pros and cons. For that reason, in some studies, different platforms have been used simultaneously (Potato Genome Sequencing, 2011; Brenchley et al., 2012; Tomato Genome Consortium, 2012) .
Whole-genome shotgun sequencing is a common sequencing strategy. It has been successfully implemented on a variety of eukaryotic genomes. These include poplar (Tuskan et al., 2006) , papaya (Ming et al., 2008) , cucumber (Huang et al., 2009 ) , apple (Velasco et al., 2010) , Brachypodium (International Brachypodium Initiative, 2010) , soybean (Schmutz et al., 2010) , and potato (Potato Genome Sequencing, 2011), among others. On the other hand, several factors may complicate wholegenome sequencing, especially in plant genomes that may have certain characteristics that complicate sequencing studies. These include large genome size (>1 Gbp), high CG content, polyploidy, high heterozygosity, large number of transposable elements, and repetitive nature of the genome, which arise as big challenges for the wholegenome shotgun approach. For instance, it has been suggested that short-read shotgun strategies should be avoided when assembling particularly highly repetitive plant genomes Taudien et al., 2011) . As longer reads are preferable for accurate assembling and for interpreting repetitive sequences, the Sanger method (first-generation sequencing platform) would be the best, but the cost, time, labor, and equipment required would be prohibitive. Hence, the Roche/454 technology, offering the longest read-length capacity of the second-generation platforms, appears as the method of choice for those studies without considering the total sequencing cost differences between such platforms. Additionally, having the highest speed, the Roche/454 technology has an excellent advantage for analysis of massive sample sets, at least until the thirdgeneration sequencing platforms are fully developed.
Sequence-variation detection represents one of the major research goals of the sequencing applications. Nevertheless, errors in base-calling may lead to both false positives and false negatives. In this respect, the 2-base color coding of the SOLiD system has the highest accuracy compared to the others, and consequently it emerges as the choice for detection of variations in sequencing .
On the other hand, the new sequencing technologies have greatly increased the potential of epigenomic research. Though short reads may cause ambiguities for particular applications, such as de novo assembly, they are acceptable for chromatin immunoprecipitation sequencing (ChIPSeq). Thus, the highest throughput of the Illumina system makes it the preferred platform for such studies of DNAprotein interactions (Park, 2009) .
The new sequencing technologies greatly benefit from their deep coverage, which may compensate for their failure rate in general. However, when the repetitive sequence is longer than the read length, deeper coverage is not enough to avoid the generation of gaps during assembly. In such cases, paired-end sequencing, in which both ends of fragments are sequenced, is needed to span those gaps (Schatz et al., 2010) . Moreover, paired-end sequencing is also advantageous, especially for de novo sequence assembly (Wang et al., 2010; . This way, more detailed and accurate information about the sequenced fragment is achieved. Currently, most of the new sequencing devices offer both standard and pairedend sequencing; hence, it should not be a restricting criterion for most platforms.
On the other hand, the bacterial artificial chromosome (BAC) approach known as BAC-by-BAC couples physical mapping with sequencing and may allow sequencing of complex genomes, as in the case of maize (Schnable et al., 2009) . Therefore, the BAC-by-BAC approach served to improve whole-genome sequencing assembly (Haiminen et al., 2011) . Additionally, the isolation and sequencing of chromosomes and even their arms has been developed as an alternative approach to sequence large and polyploid genomes, such as hexaploid wheat (Dolezel et al., 2007; Paux et al., 2008; Hernandez et al., 2012) .
Genome-sequence analysis tools
While developments in sequencing technology make it possible to obtain large-scale sequence data in a short time, the assembly and analysis of sequences remains a challenging task. Thus, much of the effort in recent years has been dedicated to developing and improving bioinformatics tools.
Different scenarios may cause erroneous base-calling in the sequencing platforms. For instance, most of the errors that come from indels in 454 reads are caused by incorrect homopolymer length calls. On the other hand, the sequencing chemistry of Illumina ensures that only one nucleotide is incorporated in each cycle, avoiding such homopolymer issues. However, this technology may suffer from wrong identification of the incorporated nucleotide. Finally, areas in the genome with a high single-nucleotide polymorphism (SNP) density may get lower coverage with the ABI/SOLiD system. Thus, the sequencing data are managed and analyzed with advanced bioinformatics tools. Currently, a number of bioinformatics software packages are available, which are essentially used for different purposes, including alignment, assembly, annotation, and sequence-variation detection (e.g., identification of SNPs) (Imelfort and Edwards, 2009; Scheibye-Alsing et al., 2009; Lerat, 2010; Paszkiewicz and Studholme, 2010; Bao et al., 2011) .
The first step of assembly is to control the quality of the raw sequences. Since most of the machines produce the data in FASTA or FASTQ formats, the FASTX-Toolkit (http:// hannonlab.cshl.edu/fastx_toolkit/index.html) and FastQC (http://www.bioinformatics.babraham.ac.uk/projects/ fastqc) emerge as useful tools for the preprocessing steps.
After quality check and trimming (such as removing adapter sequences and short reads), the next step of sequencing data analysis is assembly of the sequences. The genome-assembly process can be divided into 2 steps: draft assembly and assembly improvement (finishing). In the majority of the cases, 98% of the genome is covered by draft assembly with an error rate of 1/2000 b, while this ratio is 5-fold lower in finished assemblies (Lapidus, 2009) .
Usually, before assembly, repetitive elements are identified and filtered out from the dataset. Repetitive elements are one of the challenging issues for assembly procedures. In fact, the majority of the gaps in an assembly are caused by repeated sequences (Cahill et al., 2010) . Sequencing with longer reads emerges as a good way out. Paired-end sequencing is also commonly used for this purpose. Depending on availability, repetitive elements are computationally detected by homology searches to known repeat sequences. REPuter (Kurtz et al., 2001) , Tandem Repeat Finder (Benson, 1999) , and RepeatMasker (http:// www.repeatmasker.org) are among the most common programs for detecting such repetitive elements. When there is a lack of a reference genome, repetitive elements are identified de novo. The basic workflow pipeline is composed of masking the known repeats, de novo repeat finding on the masked genome, and classification of the newly identified repeats. Detailed de novo repeat discovery tools are mentioned elsewhere (Bergman and Quesneville, 2007) . RECON (Bao and Eddy, 2002) , RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html), RepeatScout (Price et al., 2005) , and REPET (Flutre et al., 2011) are examples of the best-known software packages for this purpose.
Presently, a number of assembly approaches are applied for short-read assemblies. The first assemblers are based on a simple strategy known as the greedy algorithm, which is an implementation of finding the shortest common supersequence (Narzisi and Mishra, 2011) . The algorithm proceeds as follows: 1) pairwise comparison of all sequences is done to identify overlapping sequences and merge the best overlapped sequences; and 2) these steps are repeated until no more sequences are left to be merged. The greedy algorithm has been used mainly for assembling small genomes. On the other hand, since the algorithm needs local information at each step, the presence of complex repeats may lead to misassemblies. The most accepted packages based on this method are TIGR (http://www.jcvi.org/cms/uploads/media/TIGRassembler.pdf) (Sutton et al., 1995) , PHRAP (http://www. phrap.org/phredphrapconsed.html), CAP3 (Huang and Madan, 1999) , PCAP (Huang and Yang, 2005) , Phusion (Mullikin and Ning, 2003) , SSAKE (Warren et al., 2007) , and VCAKE (Jeck et al., 2007) .
With the advent of sequencing technologies, new assemblers have been developed, particularly for more complex genomes. The overlap-layout-consensus (OLC) approach analyzes the overlap graph of the sequencing reads and searches for a consensus genome. When applied to short reads, the main drawback of this approach is that it shows low performance, as too many overlaps have to be calculated. Examples of genome-assembly software packages applying the OLC approach are ARACHNE (Batzoglou et al., 2002) and Atlas (Havlak et al., 2004) .
Since the computer memory required by the OLC approach is quite high, alternative methods were developed. The most recent assemblers generally use De Bruijn graphs. The method compresses redundant sequences and does not need all reads to perform the alignment. The principle is based on k-mer graphs. Thus, the reads are partitioned into certain k-mers. Each edge of linking nodes is a unique subsequence of k-mer length, and the nodes of the graph are assigned as common subsequences of k -1 length. Since the analysis is strictly dependent on the k-mer size, the main critical point of this approach is setting the optimal parameters. Compared to the OLC method, shared k-mers are generally easier to find. Hence, the method is much faster and needs much less computational power to perform the assemblies. Since the publication of EULER (Pevzner et al., 2001 ), the first assembler using De Bruijn graphs, many other packages such as Velvet (Zerbino and Birney, 2008) and ABySS (Simpson et al., 2009 ) have been released.
On the other hand, the string graph method (Myers, 2005 ) is a variant of the OLC approach. In this approach, overlaps between sequences are found, and the constructed graph is transformed into a string graph. The sequences are not fragmented into k-mers. Therefore, it is a memoryefficient strategy. EDENA (Hernandez et al., 2008) was the first assembling software implementing the string graph approach. Read Joiner (Gonnella and Kurtz, 2012) and SGA (Simpson and Durbin, 2012) are the other string graph-based assemblers.
Many tools and algorithms relevant to bioinformatics analyses of sequencing data have been published. Two classes of assemblies are carried out: map-based and de novo. Map-based assemblies refer to the reconstruction of sequences by alignments to previously resolved reference sequences. Although the BLAST (Altschul et al., 1990) and Blat (Kent, 2002) analysis tools can be used for alignments, more multifaceted software programs have been developed. For this purpose, Maq (http://maq.sourceforge.net/maqman.shtml), Bowtie (Langmead et al., 2009) , SOAPaligner (http://soap.genomics.org.cn/soapaligner.html), and BWA (http://bio-bwa.sourceforge.net/bwa.shtml#13) (Li and Durbin, 2009 ) are among the most preferred programs.
The de novo assemblies define the reconstruction of sequences without a reference sequence. SOAPdenovo (http://soap.genomics.org.cn/soapdenovo.html) and Velvet (http://www.ebi.ac.uk/~zerbino/velvet) are common de novo assembling programs for short reads. Additionally, the GS De Novo Assembler and GS Reference Mapper programs were developed by 454 Life Sciences to assemble shotgun reads into contigs and to map them against a reference sequence, respectively. On the other hand, Illumina developed a genome alignment program called ELAND for map-based assembly purposes.
In the last step of assemblies, the assembling results are statistically evaluated. Thus, the length distribution of contigs, the average and largest contig sizes, and N50 and N80 sizes are considered as the major indicators of a sequence assessment (Zhang et al., 2011a) .
Sequencing applications
NGS technologies have contributed a series of genetic improvements in plant breeding and biotechnology. In contrast to first-generation sequencing, second-and thirdgeneration technologies produce an enormous volume of sequence data at a much lower cost, making the system versatile for plenty of applications (Metzker, 2009; Llaca, 2012) . Today, second-generation sequencing is extensively used in the discovery of genetic markers, gene expression profiling through mRNA sequencing, and comparative and evolutionary studies to answer a diverse set of biological questions Jia et al., 2013; Nystedt et al., 2013; Dohm et al., 2014; Sierro et al., 2014) . Even more promising for the immediate future is third-generation sequencing, being mostly in active development nowadays.
Whole-genome sequencing
The broadest application of the new sequencing approaches to plant species may be whole-genome sequencing (WGS) to reveal the full sequence and genetic structure of genomes. In WGS projects such as those for strawberry (Shulaev et al., 2011) and wheat (Brenchley et al., 2012) , whole-genomic DNA content was first randomly cut into fragments of different sizes. BAC-end sequencing was then carried out and the obtained reads were assembled using powerful bioinformatics tools. The WGS approach can be accomplished not only for resequencing, but also for de novo projects.
Although it takes more time, the de novo sequencing of whole DNA or mRNA is useful for producing draft genomes when the plant genome of interest is unknown. For instance, draft genomes of several crop species such as einkorn (Ling et al., 2013) , as well as wheat and A. tauschii (Jia et al., 2013) , were produced using the WGS approach. Apart from this, resequencing is mostly used in transcriptome profiling and SNP discovery for marker development (Llaca, 2012) . Thus, a high-quality reference genome of potato was revealed utilizing the WGS approach and SNP identification was performed to compare a homozygous doubled-monoploid line with its heterozygous diploid line (Xu et al., 2011) . More recently, several accessions of watermelon were resequenced and compared with each other. Thus, a total of 6,784,860 SNPs were identified, representing the genetic diversity of the crop species (Guo et al., 2013) .
Transcriptome sequencing
So-called RNA sequencing (RNA-Seq) is rapidly becoming the method of choice for gene expression analysis, replacing other profiling approaches such as microarrays. It must be noted that RNA-Seq is not a type of direct RNA sequencing, but rather is done after cDNA generation via reverse transcriptase. True and direct RNA sequencing can be accomplished with third-generation sequencing platforms, which are beyond the scope of this review. The rationale behind RNA-Seq is that the coverage depth of a particular sequence is proportional to its expression level (Jain, 2012) . In transcriptome sequencing, total mRNA isolated from a diverse set of cells or tissues subjected to different conditions is first converted to cDNA fragments as indicated above, and then randomly sheared, followed by end-sequencing Marguerat and Bähler, 2010) . Adapting the new sequencing platforms to transcriptome sequencing brought about several advantages, such as producing cost-effective transcriptome reads in a relatively short time (Góngora-Castillo et al., 2012) . Differently from genome sequencing, it is possible to obtain a repertoire of transcripts present in a specific sample under a predefined stress or condition using RNASeq (Hirsch and Buell, 2013) . In other words, RNA-Seq data represent all expressed sequences of the plant in a spatiotemporal manner.
Several RNA-Seq projects have been undertaken for crop plants. These studies enable gene discovery, SNP detection (Novaes et al., 2008; Angeloni et al., 2011) , and transcript annotation and quantification (Der et al., 2011) , as well as comparative gene expression analyses (Strickler et al., 2012) . In one of those studies, differential expressions between homologs in 3 different genomes of wheat were observed by investigating their transcriptomes (Leaungthitikanchana et al., 2013) . Similarly, comparative gene-expression analyses have been performed in the garden pea (Pisum sativum) (Franssen et al., 2011b) and bracken fern (Pteridium aquilinum) (Der et al., 2011) employing the 454 sequencing platform. The transcriptomes of tomato and its wild relatives were also dissected for differential gene expression and SNP detection using Illumina sequencing (Koenig et al., 2013) . Additionally, large-scale transcriptome profiling studies such as the 1000-plant genome-sequencing project can give insights about the adaptation of plants to differing environmental conditions (Franssen et al., 2011a) , among other scientific insights.
Small-RNA deep sequencing
Small RNA (sRNA) belong to a class of noncoding RNA (ncRNA), being ~21 nucleotide-long nonproteincoding molecules that have important roles in living cells, including plant development and metabolism. The majority of sRNA can be grouped as microRNA (miRNA), which have posttranscriptional regulatory functions, and small interfering RNA (siRNA), mainly responsible for gene-silencing mechanisms (Vaucheret, 2006; Kurtoglu, 2013) . Sequencing of small RNA libraries prepared from different tissue types under different conditions became a widely used method for sRNA identification and functional studies. Prior to sequencing of small RNA molecules, they are first isolated and size-selected utilizing a polyacrylamide gel electrophoresis system, followed by reverse transcription and an optional PCR step. The implementation of the new sequencing technologies resulted in considerable increase in the number of studies based on deep-sequencing of sRNA libraries constructed from plant tissues grown under normal or stressed conditions (Cantu et al., 2010; Kenan-Eichler et al., 2011; Eldem et al., 2012; Gupta et al., 2012; Tang et al., 2012; Yao and Sun, 2012; Yanik et al., 2013) . 4.4. Probing DNA-protein interaction (ChIP-Seq) Chromatin immunoprecipitation followed by direct sequencing is a widely used method to determine genomewide profiles of DNA-protein interactions (Wold and Myers, 2008; Park, 2009; Varshney et al., 2009) . With the advent of the new sequencing technologies, ChIP sequencing has surpassed the microarray-based ChIPChip method, which was previously used in such studies, offering a tremendous data throughput increase with low cost. Performing strong bioinformatic analyses on these data helps to reveal gene-regulation and epigeneticmodification mechanisms.
Thus, protocols have been developed for ChIP-Seq in plant species to study interactions between transcription factors (TFs) and DNA in vivo (Kaufmann et al., 2010) . For instance, following this procedure, the chromatin complexes of soybean seedlings were isolated and DNA was treated with antibodies developed against YABBY or NAC TF. DNA was recovered by dissociating precipitated DNA-antibody complexes. ChIP-Seq was performed using the Illumina HiSeq 2000 platform. Thus, identification of genome-wide NAC and YABBY TF binding sites has contributed to a better understanding of the transcriptional gene regulation networks in soybean cotyledons about to develop into photosynthetic tissue (Shamimuzzaman and Vodkin, 2013) . In another line of research, MADS-domain TF complexes in Arabidopsis flower development were also characterized using the same protocol (Smaczniak et al., 2012) .
Exome sequencing
Exome sequencing is a technique in which only the protein-coding stretches of genes are being sequenced. Thus, the method first requires the selection of all the protein-encoding DNA regions (exons), which are then sequenced using one of the new platforms. It has the advantage of producing sequencing data in a quicker and cheaper way than WGS, since the exome comprises only a small (and sometimes even very small) portion of the genome.
Exome sequencing is usually used to identify mutations in protein-coding genes (Schneeberger, 2014) .
In a recent study, exome capture and sequencing coupled with custom-developed bioinformatics tools was used to identify mutations in mutant populations of rice (Oryza sativa) and wheat (Triticum aestivum). This provided a method for large-scale mutation discovery, allowing generation of useful polymorphism database resources in a quick and rather inexpensive way (Henry et al., 2014) . Nucleotide polymorphism and copy-number variant detection utilizing this method was conducted in another study on the switchgrass Panicum virgatum (Evans et al., 2014) . In that study, a total of 1,395,501 SNPs and 8173 putative copy-number variants were detected. Hence, the applicability of exome capture for genomic variation studies in polyploid species with large, repetitive, and heterozygous genomes was shown. In a similar study carried out in hexaploid wheat (T. aestivum), a total of 10,251 SNP markers were developed, employing targeted resequencing of the wheat exome to produce large amounts of genomic data for 8 varieties. These exome-based SNP markers provide a prominent source of information, especially for wheat breeders (Allen et al., 2013) .
Sequenced plant genomes
Along with the breakthrough in sequencing technology, there has been a great accumulation of genome-sequence data of plant species (Figure 1) . The application of the new sequencing technologies to plant genomes gave rise to rapid improvements in crop science. Genomicsequence availability and easy access to such data enabled researchers to discover and develop genetic markers, improve knowledge of breeding, and reveal evolutionary relationships between the sequenced species via comparative genomic analysis in general and synteny approaches in particular. Currently, bread wheat (Triticum aestivum 'Chinese Spring' , 2n = 6x = 42), which is a major staple food with annual production of approximately 700 × 10 6 t (http://www.fao.org), is being sequenced by the International Wheat Genome Sequencing Consortium (IWGSC), adopting a chromosome-by-chromosome approach. Due to the huge size and complex nature of the wheat genome (17 Gbp, AABBDD), researchers have sorted chromosomes and performed synteny with model grass genomes (Choulet et al., 2014) .
Much effort has been carried out in elucidating genomic backgrounds in order to improve grain yield and quality against some of the limiting factors, such as biotic and abiotic stresses. Thus, 454 pyrosequencing was used to survey individual chromosomes (Vitulo et al., 2011; Hernandez et al., 2012; Poursarebani et al., 2014; Sergeeva et al., 2014) . Recently, a bread wheat (T. aestivum) genome draft was obtained by Illumina sequencing of the flowsorted chromosomes (International Wheat Genome Sequencing Consortium, 2014) and was simultaneously published with the first wheat-chromosome (3B) reference sequence (Choulet et al., 2014) . Comparative gene analyses of wheat subgenomes and extant diploid and tetraploid wheat relatives showed that both a high sequence similarity and a structural conservation are retained, with limited gene loss after polyploidization. The study showed evidence of dynamic gene gain, loss, and duplication across the genomes. Such alterations would have a critical role in wheat adaptation in a diverse set of climatic conditions (Langridge, 2012) .
Before the bread wheat genome draft, the draft genome sequences of 2 progenitors of the hexaploid wheat had been simultaneously published: Triticum urartu and Aegilops tauschii (Jia et al., 2013; Ling et al., 2013) . Triticum urartu (AA, 2n = 2x = 14), the progenitor of the A genome of wheat (Chantret et al., 2005; Dvorak and Akhunov, 2005) , was sequenced on the Illumina platform using the wholegenome shotgun strategy, resulting in 448.49 Gbp of highquality sequence data corresponding to ~91× coverage of an estimated 4.94 Gbp genome size. Additionally, a total of 34,879 protein-coding gene models were predicted using transcriptome-sequence data obtained from the same study (Ling et al., 2013) . Additionally, Aegilops tauschii (DD, 2n = 2x = 14) was sequenced using the same Illumina wholegenome shotgun strategy. Jia et al. generated 398 Gbp of high-quality reads (90× coverage), representing 97% of the genome size of 4.36 Gbp. A 117-Mb transcriptome assembly was generated from RNA-Seq data obtained from different tissues and used to predict 34,498 highconfidence protein-coding loci (Jia et al., 2013) . The data revealed in these articles identified genes that are of agronomical importance, such as resistance to abiotic stresses and nutritious quality. Hence, these developments help to understand the environmental adaptation of wheat, together with its genomic nature. Additionally, the strategy developed for genome sequencing and assembly of wheat could also be adapted to other large and complex plant genomes, as well.
On the other hand, cotton, as one of the most economically important crops for the textile industry, was another genome sequenced with the new technologies. Wang et al. published a draft genome of Gossypium raimondii (2n = 2x = 26), a putative D-genome donor, employing an Illumina paired-end sequencing strategy. A total of 78.7 Gbp Illumina reads were produced, with 103.6× genome coverage. The draft sequence was 775.2 Mbp, accounting for 88.1% of the estimated genome size. Combining ab initio predictions, homology searches, and EST alignment methods, a total of 40,976 protein-coding genes were identified and 92.2% of them were supported by transcriptome-sequencing data. Comparative analysis with T. cacao, A. thaliana, and Zea mays showed that G. raimondii contains a high proportion of transposable elements and a lower gene density than the other species, although they all have a similar number of gene families. Another finding of this study revealed the evolutionary relationships between G. raimondii and T. cacao, which probably diverged 33.7 million years ago. The authors also claimed that both of these draft sequences will serve as a reference for the assembly of the tetraploid G. hirsutum genome and a useful source for genetic improvement of cotton quality and yield (Wang K et al., 2012) .
Sugar beet (Beta vulgaris) is another important crop, which substantially contributes to world-wide sugar production. In 2013, the reference genome sequence of this species was released, representing 85% of its 576-Mbp genome size. A combination of 454, Illumina, and Sanger sequencing platforms were utilized in that study. In total, 27,421 protein-coding genes were identified and evidenced by RNA-Seq data. Based on intraspecific genomic analysis of 5 different sugar beet species, 7 million genomic variants were identified, together with large constant regions. The availability of the sugar beet genome enables the discovery of agronomically important traits that may increase the quality and productivity of the plant. The genome sequences would also contribute to comparative studies with Caryophyllales species and other flowering plants (Dohm et al., 2014) .
Conifers, as the largest division of gymnosperms, have had widespread distribution in forests for almost 200 million years (Nystedt et al., 2013) . Besides the economic value of conifers as a source of timber, they are of great ecological importance, since a high proportion of plant photosynthesis is met by these woody plants. However, genomic studies of conifers require much effort, due to their huge genome size and repetitive nature. In a recent study, de novo sequencing of the coniferous tree Norway spruce (Picea abies) was performed using the Illumina technology, following a whole-genome shotgun approach. A hierarchical genome-assembly strategy was developed to combine haploid and diploid genomic and RNA-Seq data. The genome size of P. abies was estimated as 19.6 Gbp. On the contrary, only 28,354 high-confidence protein-coding sequences were predicted from EST and transcriptome data, which is similar to the almost 40-times smaller sugar beet genome. In this case, the large genome size was interpreted as a result of the accumulation of transposable elements (TEs) and, especially, long terminal repeats, due to the possibility of lacking an efficient elimination mechanism. Furthermore, a model for conifer genome evolution has been proposed, which suggests that the TE removal is less active than in most other plant species (Bennetzen et al., 2005) , with TE insertions into genes resulting in large introns and pseudogenes (Nystedt et al., 2013) . Additional genome sequencing of conifer species would enable comparative analyses and provide further resources to understand the evolution of important traits for seed plants.
Additionally, Eucalyptus is one of the most widespread tree genera, with more than 20 × 10 6 ha of land planted throughout the world. This noteworthy diversity and adaptability of eucalyptus can be exploited as a sustainable energy source, mostly providing cellulose for the paper industry. Myburg et al. (2014) sequenced and assembled a reference sequence for Eucalyptus grandis. They used Sanger WGS, paired BAC-end sequencing, and a highdensity genetic linkage map (Myburg et al., 2014) . The E. grandis genome size was estimated to be 640 Mbp, and 36,376 protein-coding loci were predicted. For further gene-expression analyses, RNA-Seq reads were obtained from diverse sets of E. grandis tissues by Illumina sequencing. This was the first reference genome published for the eudicot order of Myrtales, providing a resource to gain insights about the genetic nature of large woody perennials.
Tobacco (Nicotiana tabacum, 2n = 4x = 48) is a widely cultivated nonfood crop used as a model organism in molecular plant studies (Zhang et al., 2011b) . In a recent study, 3 inbred varieties were sequenced using an Illumina WGS approach. Estimated genome sizes were reported as 4.41 Gbp for N. tabacum TN90, 4.60 Gbp for N. tabacum K326, and 4.57 Gbp for N. tabacum BX (with 49×, 38×, and 29× coverage, respectively). Based on NGS transcriptome data, protein-coding sequences ranging from 81,000 to 94,000 were identified in the 3 varieties. The N gene and va allele responsible for hypersensitive response to the tobacco-mosaic virus and potyvirus were also investigated in these lines. The authors foresaw that the draft genomes would significantly contribute to functional genomic studies of the N. tabacum model organism (Sierro et al., 2014) .
Watermelon (Citrullus lanatus) is one of the most consumed fresh fruits, with annual production of 90 × 10 6 t. A high-quality draft genome sequence was published recently. De novo sequencing was generated utilizing the Illumina platform, resulting in reads of 46.18 Gbp, corresponding to 108.6× coverage of the estimated 425-Mbp genome size of this species. Subsequently, a total of 23,440 protein-coding genes were identified using ab initio predictions, cDNA/EST, and homology-mapping methods. Furthermore, 20 watermelon accessions were resequenced following the paired-end Illumina strategy. Among them, 6,784,860 candidate SNPs and 965,006 small indels were identified, representing a germplasm biodiversity that can contribute to the breeding of the species. Additionally, the comparative analyses of the transcriptome data should contribute to the understanding of the genetic diversity and molecular mechanisms underlying some biological processes in watermelon populations. Thus, the evolutionary scenario proposed in this study should shed light on the genetic backgrounds of modern cultivars (Guo et al., 2013) .
In addition to the draft and reference genomes mentioned above, more than 50 plant species have been sequenced so far, as listed in Table 2 and Figure 2 .
In conclusion, NGS has becoming a powerful tool for decoding the entire genome of a plant species as well Table 2 . Draft plant genomes using the second-generation sequencing. (Peng et al., 2013) Rubber tree Hevea brasiliensis 2150 2013 (Rahman et al., 2013) Tausch's goatgrass Aegilops tauschii 4360 2013 (Jia et al., 2013) Einkorn wheat Triticum urartu 4940 2013 (Ling et al., 2013) Norway spruce Picea abies 20,000 2013 (Nystedt et al., 2013 ) Mulberry tree Morus notabilis 330 2013 as investigating gene expression profiles and SNPs. As techniques develop, more sequencing strategies will be formed, and selecting and comparing the different NGS platforms will be a challenge. In the past years, more than 50 plant species have been sequenced, providing new resources for plant improvement. However, more bioinformatics tools need to be developed for better use of the data generated from NGS. Sequencing the genome is not the purpose; the final goal should be using this genome to improve crop yield and quality and better understand the evolutionary history.
Future perspectives
Many new de novo and resequenced plant genomes are expected in the near future for plants in general and crop species in particular, using second-and mostly thirdgeneration sequencing platforms. Further work is needed to complete the biggest and most complex genome drafts while achieving high-quality reference sequences for most plant genomes. This genome knowledge will be coupled with deep gene-expression analyses (RNA-Seq and true RNA sequencing), uncovering alternative splicing, copynumber variations, etc. ChIP-Seq and microRNA-Seq availability for an increasing number of crops will further expand the emerging field of epigenomics. These are all necessary tools for food production and security in a climate-change scenario. 
